Bacterial resistance to antibiotics poses a serious worldwide public health problem due to the high morbidity and mortality caused by infectious diseases. Most hospital-onset infections are associated with methicillin-resistant Staphylococcus aureus (MRSA) strains that have acquired multiple drug resistance to ␤-lactam antibiotics. In a response to antimicrobial stress, nearly all clinical MRSA isolates produce ␤-lactamase (BlaZ) and a penicillin-binding protein with low affinity for ␤-lactam antibiotics (PBP2a, also known as PBP2 or MecA). Both effectors are regulated by homologous signal transduction systems consisting of a sensor/transducer and a transcriptional repressor. MecI (methicillin repressor) blocks mecA but also blaZ transcription and that of itself and the co-transcribed sensor/transducer. The structure of MecI in complex with a cognate operator doublestranded DNA reveals a homodimeric arrangement with a novel C-terminal spiral staircase dimerization domain responsible for dimer integrity. Each protomer interacts with the DNA major groove through a winged helix DNA-binding domain and specifically recognizes the nucleotide sequence 5-Gua-Thy-Ade-X-Thy-3. This results in an unusual convex bending of the DNA helix. The structure of this first molecular determinant of methicillin resistance in complex with its target DNA provides insights into its regulatory mechanism and paves the way for new antimicrobial strategies against MRSA.
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Resistance of pathogens to chemotherapy is a natural biological phenomenon. It appeared at the very start of the antimicrobial era before antibiotics were introduced into clinical practice, as early as 1917 (1, 2) . Resistance is a transmissible phenomenon, facilitated by transduction, transformation, and conjugation, whose effect relies on the ability of bacteria to survive and multiply in the presence of drug concentrations at therapeutic dosages. Initially, this did not pose a serious threat to health due to the flood of available compounds and later to the development of novel semi-synthetic penicillins. Later, however, pathogens increasingly acquired resistance, sharing new molecular shields against antibiotics via plasmids, transposons, and bacteriophages. In parallel, increasing costs in drug development led the pipeline of new drugs to run dry, and the incentives to develop new antimicrobials to address the global problems of drug resistance were insufficient. The problem has now grown to such an extent that it threatens global stability and security (3) .
Staphylococcus aureus is the most common etiological agent for community-and hospital-onset infections. It has proven a talent for acquiring resistance to ␤-lactam antibiotics (BLAs) 1 soon after their introduction. Methicillin-resistant S. aureus (MRSA) appeared less than 1 year after methicillin was brought into the clinic (4) . This resistance is generally accompanied by reduced sensitivity to several other BLAs, including carbapenams, monobactams, and natural and semisynthetic cephalosporins and to aminoglycosides and macrolides. This multiple drug resistance has led to the emergence of essentially untreatable strains, which show reduced susceptibility to the latest effective drugs, the glycopeptides teicoplanin and vancomycin (5) . Staphylococcal resistance to BLAs may be accomplished in two ways as follows: (i) by the synthesis of ␤-lactamase (BlaZ), capable of hydrolyzing BLA ␤-lactam rings and encoded by blaZ typically on plasmids; and (ii) by the production of an alternative penicillin-binding protein (PBP2a, PBP2Ј, or MecA) with significantly reduced affinity to BLAs, encoded by mecA on a transducible mobile element. PBPs are transpeptidase (and transglycosylase) enzymes that maintain the integrity of the bacterial peptidoglycan cell wall, and the housekeeping forms present in S. aureus are BLA-sensitive. In contrast, MecA is less sensitive to BLAs and can take over their function when they have been inactivated. However, recent observations suggest that MecA just assists the cooperatively functioning housekeeping PBP2 enzyme during cell wall synthesis (6) . Whatever the case, MecA contributes to the production of clinical isolates that are impervious to or less sensitive to BLAs. Its is assisted by other factors in modulating the optimized MRSA phenotype (7, 8) .
The pathways inducing MecA and BlaZ effector synthesis feature closely related signal transduction systems that are encoded by genes from the S. aureus mec and bla divergons, respectively (9). An evolutionary relationship exists between PBPs and ␤-lactamases, which supports the close relationship between the two pathways. These signal transduction systems consist of an integral membrane zinc-dependent sensor/signal transducer, MecR1 or BlaR1, and a constitutive transcriptional repressor, methicillin repressor MecI or BlaI (10) . Both the sensor/transducer and the repressor are located on the same operon, mecR1-mecI and blaR1-blaI, immediately upstream from the mecA and blaZ promoters, and they are countertranscribed (4, 11, 12 ). An orthologous system consisting of a sensor/transducer, a repressor, and an effector has been described in Bacillus licheniformis, encoding the BlaR-BlaI-BlaP protein triad (also known as PenJ-PenI-PenP) (11, 13) . MecR1 and BlaR1 are constituted by an N-terminal integral membrane metalloprotease domain (requiring activation) and a Cterminal extracellular PBP-like domain that detects BLAs. MecI and BlaI are ϳ125-amino acid proteins found in several bacterial genomes (see Fig. 1 ) (14) and are very similar, with S. aureus MecI and BlaI sharing 60% sequence identity and S. aureus MecI/BlaI and B. licheniformis BlaI (also known as PenI) sharing 31-41% sequence identity. They are dimeric and interact with cognate palindromic operators ( Fig. 2A) as dimers to inhibit effector molecule transcription but also transcription of themselves and the co-transcribed sensor/transducer (13, 15, 16) . The current working model foresees that detection of environmental BLAs by MecR1/BlaR1/BlaR triggers conformational changes that lead to (auto)activation of the metalloprotease domain which, in turn, inactivates the cognate repressor through limited proteolysis (Fig. 2 , B and C). Dimer disruption, gene derepression, and effector transcription ensue. Thus, constitutive resistance to methicillin may arise through mutations inactivating MecI or down-regulating mecI transcription. We reported recently the structure of unbound MecI (14) and hereby that of the repressor in complex with a 25-bp doublestranded (ds) DNA encompassing one of the recognized promoter sequences. These results enable us to examine the molecular determinants underlying the transcriptional regulation of mec and bla transcription and revisit the current working hypothesis for these signaling pathways against BLA stress.
EXPERIMENTAL PROCEDURES

Production of Purified MecI and DNA Complex Formation-S. aureus strain N315 (MRSA) MecI protein was cloned, overexpressed in
Escherichia coli, and purified as described (14) . In order to obtain the protein-DNA complex, two complementary oligonucleotides (5Ј-CAAA-ATTACAACTGTAATATCGGAG-3Ј and 5Ј-GCTCCGATATTACAGTT-GTAATTTT-3Ј; purchased from MWG Biotech) were annealed in buffer A (20 mM Tris-HCl, pH 7.4, 0.1 M NaCl) to render 180 nmol of 25-bp dsDNA (Fig. 3A) . Purified MecI (85 M) in buffer B (20 mM Tris-HCl, pH 7.4, 0.2 M NaCl) was mixed with DNA in buffer A at a 2:1.1 protein: dsDNA molar ratio. The mixture was diluted 1:4 in 20 mM Tris-HCl, pH 7.4, and incubated 15 min at 4°C before being loaded onto a gel filtration Superdex 75 HR 10/65 column equilibrated with buffer C (20 mM Tris-HCl, pH 7.4, 50 mM NaCl). A single peak was obtained and analyzed with a bandshift assay in a 5% acrylamide gel with 5% glycerol and 50 mM Hepes, pH 8.3 (14) . The purified complex was concentrated to 10.5 mg/ml by centrifugation with a Centricon-10 device.
Crystallization of the MecI 25-bp DNA Complex, Structure Solution, and Refinement-Crystals were obtained from hanging drops consisting of 1 l of complex in buffer C, 1 l of reservoir solution (50 mM sodium citrate, pH 5.5, 0.1 M MgCl 2 , 6.7% PEG 8K), and 0.6 l of 0.1 M hexamine cobalt as an additive, after a 5-day incubation at 20°C. A cryo-protecting protocol consisted of soaking crystals first in a harvesting buffer (50 mM sodium citrate, pH 5.5, 0.15 M MgCl 2 , 10% PEG 8K), allowing them to equilibrate for 5 min, and then in a cryo-protecting buffer (50 mM sodium citrate, pH 5.5, 0.15 M MgCl 2 , 10% PEG 8K, 30% glycerol) for one more minute prior to flash cryo-cooling in liquid N 2 . A complete diffraction data set was collected at 100 K from a single crystal on a MarCCD charged-coupled device detector at beamline ID13 of the European Synchrotron Radiation Facility (ESRF; Grenoble, France). Crystals belong to the trigonal space group P3 1 21 harbor one complex per asymmetric unit (Matthews parameter (V M ) ϭ 3.1 Å 3 /Da; 60% solvent content), and diffract to 2.8 Å resolution (Table I) . Diffraction data were processed with program XDS and scaled, merged, and reduced with XSCALE, followed by a radiation-damage correction with 0-DOSE (17, 18) (see Table I ).
The structure was solved by Patterson-search techniques with program AMORE (19) , employing data in the 15-4.5-Å resolution range. Two searching models were used, a MecI dimer (PDB access code 1okr (14) ) and an idealized 24-bp dsDNA, constructed with program TURBO-FRODO and comprising the operator sequence without the overhangs. The dimer rendered a unique solution at 43.4, 13.9, 345.2, 0.6193, 0.7117, and 0.2745 (␣, ␤, ␥, in Eulerian angles; x, y, and z, as fractional unit cell coordinates) with a correlation coefficient in structure factor amplitudes (CC F ) of 52.5% and a crystallographic R factor of 46.4% (for definitions, see 
, where I i (hkl) is the ith intensity measurement of reflection hkl, including symmetry-related reflections, and ͗I(hkl)͘ its average.
c R factor ϭ ⌺ hkl ʈF obs ͉ Ϫ k͉F calc ʈ/⌺ hkl ͉F obs ͉, with F obs and F calc as the observed and calculated structure factor amplitudes; free R factor , same for a test set of reflections not used during refinement. ) at a special position, tentatively assigned on the base of electron density and temperature factor after refinement, and 37 solvent molecules (Hoh2W-Hoh38W). All residues are placed in allowed regions of the Ramachandran plot, except for Lys 23 of each polypeptide, as seen in the unbound structure. These residues and their side chains are, however, well defined by electron density at the end of helices ␣1.
Miscellaneous-Figures were prepared with programs TURBO-FRODO, SETOR (22) , BOBSCRIPT/VOLUMES (23), and GRASP (24) . Superimpositions were performed with TURBO-FRODO and sequence alignments with MULTALIN and ESPRIPT 2.1 (25); close contacts and interaction surfaces were calculated with CNS. DNA analysis was performed with 3DNA and CURVES 5.3 (26) . The final coordinates of the MecI-DNA complex have been deposited with the Protein Data Bank (PDB access code 1sax).
RESULTS AND DISCUSSION
Structure of Methicillin Repressor within the Complex-Like
other transcriptional regulators, methicillin repressor forms a dimer, with the overall shape of a triangle (see Fig. 3C ). Each protein monomer consists of a compact globular N-terminal DNA-binding domain, MecI-DBD (residues Met 1 -Val 73 ; see Fig. 1 ), and a C-terminal dimerization domain, MecI-DD, with a novel fold and the shape of a spiral staircase (Fig. 3) . No contacts are observed between the DBDs; the dimeric structure is entirely maintained by the DDs. The chain topology of MecI-DBD is in accordance with a "winged-helix" (WH) architecture, which bears a helix-turn-helix DNA-binding motif. The second helix, termed the "recognition helix" (helix ␣3 in MecI), is inserted into the DNA major groove and preceded by a positioning helix. This structural motif is followed by one or two ␤-hairpin wings (one in MecI), mostly engaged in minor and/or major groove interactions. The structure of MecI-DBD correlates well with that of isolated B. licheniformis BlaI-DBD, encompassing the first 82 residues (27) . MecI-DD starts at Glu 74 and displays a right-handed superhelical ribbon made up by three consecutive helices, ␣4 to ␣6 (Fig. 3C ). These are not totally equivalent within each monomer, and they are also slightly flexible, in particular around the C-terminal helix, as already noted in the unbound structure (PDB 1okr (14) ). This is in accordance with the observation during NMR studies of B. licheniformis BlaI that the C-terminal segment His 83 -Glu 128 (see Fig. 1 ) is poorly resolved in solution (27) . The three C-terminal helices are closely juxtaposed in MecI and intimately intertwine like two surface and side chain complementary protein superhelices. The presence of two void cavities within this DD further contributes to a certain sponginess that is likely to be important for the regulatory derepression mechanism (see below). In the present protein-DNA complex structure, both protomers display close structural similarity, as indicated by an r.m.s.d. of 0.51 Å for 116 C␣ atoms deviating less than 2 Å. Merely loop ␣5␣6 shows a noteworthy deviation of 3.6 Å (measured at Asp 107 C␣), probably a crystal packing artifact and, to a certain extent, the following helix ␣6. On comparing this structure with the unbound protein, it is evident that the dimer is already preformed prior to dsDNA bind- 14) with members of the CopY family of metal-dependent transcriptional regulators. For each sequence, the organism and SwissProt/TrEMBL access code are provided (www.expasy.ch). Amino acid numbering, position, and extent of the regular secondary structure elements (loops for ␣-helices and arrows for ␤-strands) correspond to MecI of S. aureus strain N315 (MRSA). Conserved residues are framed and displayed in gray; unique residues are in white with gray background. Pred. indicates predicted protein; asterisks point to MecI side chains engaged in DNA recognition. In B. licheniformis BlaI, residues Ser 25 -Asn 25 have been found to form a b-strand (27) . In MecI, this regular secondary structure element is reduced to a single residue, Ala 25 .
ing (Fig. 3E) . The dimers are equivalent (r.m.s.d. of 0.97 Å for 208 C␣ atoms deviating less than 2 Å) and mainly the wings rearrange upon operator recognition (maximum deviation 3.4 Å at Lys65A C␣ and 2.5 Å at Lys65B C␣; see Fig. 3E ). Besides this, loop ␣4␣5 shows a deviation at Gly 93 of 5.4 Å (molecules A) and 5.3 Å (molecules B) but with no obvious consequences for the overall structure or DNA binding.
Interactions between MecI and DNA-For the present studies we chose a 24-bp dsDNA provided with a 1-bp overhang on either side (Fig. 3A) . This oligonucleotide encompasses the sequence of the S. aureus bla Z dyad, recognized by MecI with similar affinity to BlaI (13) , as this region directly affects the ribosome-binding site of blaZ and is clearly delimited. This is not the case for the reported MecI target site on mec, which shows two vicinal palindromes with only a 4-bp spacing. MecI binds promoter dsDNA through the helices ␣3 of each WH DBD, which are inserted into two successive turns of the major groove, and the wings, contacting the minor groove backbone. The minor groove faces the protein dimer at the center of the complex (Fig. 3C) , which buries 9136 Å 2 , about 20% of the total protein dimer surface and one-third of the total dsDNA area.
The DNA in the complex adopts a predominantly righthanded B-type nucleic acid structure. Only two short regions, Thy6D-Ade8D and Thy15D-Ade17D and their complementary bases, engaged in major contacts within the complex (see below), do not follow the regular B-DNA geometry, and display underwinding of about 10 -15°. The dsDNA is bent 23°, mainly due to a kink produced by the ␣-helices packed into and thus spreading along the major groove. The most common type of bending observed in protein-DNA complexes is concave, and the DNA helix is smoothly curved around the bound protein. This feature increases the number of interactions and the binding strength. MecI, however, induces convex bending, with the DNA bent away from the bound protein. This type of curving is less common (28) . MecI-induced promoter bending goes along with the expansion of the minor groove (see Figs. 2A and 3) . A detailed inspection of the complex interface on the lefthand side of the operator (see Fig. 3 , C, D, and F) reveals 40 specific and unspecific contacts below 4 Å between the DBD of protein molecule A and the DNA helix (chains C and D), including 16 H-bonds and salt bridges, 10 protein/DNA backbone interactions, and nine specific base contacts. The first protein residue engaged in DNA-binding is Glu7A, which recognizes the DNA backbone. This fits well with the finding that an N-terminal deletion mutant lacking the first eight residues of B. licheniformis BlaI had lost its operator binding ability (16), but does not explain the reported importance of Lys 4 in S. aureus BlaI (29) . Downstream in the sequence, Ala11A N-Gua14D O1P provides an N-cap for protein helix ␣1 by the latter phosphate, and Asn28A, at the beginning of helix ␣2, contacts the double-helix backbone. Ser41A C␤, at the beginning of the recognition helix ␣3, which runs until Lys55A, is within van der Waals distance of the Ade16D backbone atom C-5Ј. Lys 43 N approaches Thy18D O-4 in a specific base contact, whereas its main chain carbonyl oxygen weakly interacts with Ade16D N-7. The neighboring Thr44A binds through its side chain to the backbone of Ade16D. Arg46A spans the whole width of the major groove with its side chain, adhering with its guanidinium group to the backbone of the complementary strand at Thy8C. Thr47A plays a central role in recognition, again on the other side of the major groove, establishing two H-bonds via its O-␥1 group with Ade16D N-7 and N-6. Its C-␥2 methyl group is within van der Waals distance of Thy15D C5M, as is Leu48A C-␦2, and O-4, and further provides a support for the side chain of Arg51A to come close to the DNA. This residue, one helix turn ahead of Thr47A, is also engaged in specific binding, contacting (via a double H-bond through its N-1 and N-2 atoms) Gua14D N-7 and O-6, respectively. The latter guanidinium atom also peripherally binds Thy15D O-4. A further turn ahead within helix ␣3 is Arg55A, which forms a salt bridge with the backbone phosphate at Thy13D, on the left side of the major groove (see Fig. 3F ). The wing, running from Phe57A to Ser71A, makes a series of contacts with the backbone of the minor groove, possibly contributing to the overall convex bending. Within this structural feature is Arg60A, which participates in the main interaction of the wing, with Ade9C O2P. The basic side chain is kept in its extended conformation (to anchor the DNA) by the aromatic side chains of Tyr53A, Phe67A, and Tyr69A, with the guanidinium group stacked between the first two. Further wing/DNA interactions are Phe67A N-Thy8C O1P and Phe67A C-⑀1-Thy8C C-3Ј.
On the right half-site of the promoter, involving protein molecule B, DNA recognition is symmetric except for an additional weak main chain/backbone interaction (Ser10B N-Gua18C O1P; 3.4 Å). This interaction is somewhat weaker on the previous half-site (3.6 Å). In contrast, on this right-hand side, the distance Lys43B O-Ade20C N-7 is too large (3.8 Å). Thr44B O-␥1 is bound to the backbone at Ade20C O2P, as it is by O-5Ј on the left side, and Arg46B recognizes equivalent atoms of the backbone, but corresponding to Ade4D instead of Thy8C. Additionally, Phe67B N is at van der Waals distance of Ade5D O1P with its C-⑀1 atom. No interactions across the dyad are found on either side, and as anticipated from biochemical experiments, the guanine base in the center of the operator dyad (Fig. 3, A and C) is unprotected (29) . All these contacts, together with the pre-established distance between the recognition helices forcing an induced fit of the oligonucleotide, account for the bending in the operator DNA. Within the latter, the specifically recognized bases comprise symmetrically the same sequence on either side of the center of the inverted repeat, namely Gua18C-Thy19C-Ade20C-Xaa-Thy22C and Gua14D-Thy15D-Ade16D-Xaa-Thy18D, which include one residue outside of the central 5-bp repeat of the operators.
Implications for the DNA Binding of MecI/BlaI Family Members-BlaI binds to two separate inverted repeats in S. aureus (R1 dyad and Z dyad) in an independent manner and not co-operatively. For B. licheniformis, recognition of three regions has been proven. MecI protects an extended 45-bp region containing two consecutive palindromes from DNase I attack (see Fig. 2A ). The regulatory regions of the bla and mec elements are 57% identical (11) , and this similarity is also observed with bla from B. licheniformis. Indeed, these two repressor systems are interchangeable as regulators of transcription of both structural and regulatory genes in S. aureus, and they even form MecI-BlaI heterodimers (30 -32) . B. licheniformis BlaI also can interact with mec (27) . The promoter sequences indicate that MecI can recognize both palindromes on its own mec divergon separately and those of the S. aureus bla divergon, as the identified base sequence is conserved when compared with the Z dyad used here. However, modeling studies show that the two consecutive mec palindromes (see Fig. 2A ) cannot be bound simultaneously. At least four additional base pairs would be required in the spacer sequence for this kind of cooperative binding, and even this would imply a rearrangement of the tips of the wings to avoid steric clashes. The present studies, along with the high sequence similarity among the MecI/Blai repressors and the equivalence in the fold of B. licheniformis BlaI-DBD, suggest that MecI repressor should be equally capable of binding the three sequences of the B. licheniformis bla operon. Among these, one shares the sequence with the S. aureus operators, whereas the other two bear the substitution of guanine for the last thymine. However, the atom recognized in the latter, O-4, is equivalent in the purine (O-6) and should perform the same interaction with the potentially flexible side chain of Lys 43 . Among the 12 MecI residues, whose side chains are engaged in DNA recognition (Figs. 1 and 3E) , seven are absolutely conserved in both S. aureus and B. licheniformis BlaI and the other five harbor substitutions that should not impede the contacts observed in MecI. We therefore conclude that other members of the MecI/BlaI repressor family probably contact their cognate operators and those related ( Fig.  2A) (16, 47, 48) , bla from S. aureus (13, 29) , and mec from MRSA (11, 12, 29) . In each case, the promoter regions affected are indicated, as well as the GenBank TM sequence accession numbers (in parentheses) and the position within the nucleotide sequence. Each palindrome half-site is shaded. The two mec sites show overlap (underlined bases are shared) giving rise to a 45-bp stretch that comprises the sequences displayed and further 6 bp on the 5Ј end of the first site. A consensus sequence for all seven sites is provided; N indicates any nucleotide. B, putative autolytic activation cleavage sites (including the SwissProt/TrEMBL access codes, and the numbering of the P1 residue) of identified MecR1/BlaR1 family members and other sequences with high sequence similarity to the metalloprotease domain. This site has been assessed biochemically only for S. aureus BlaR1, and there is evidence that an Arg 293 3 Ala point mutant is not processed (9 and MecI proteins, a specific cleavage between Asn 101 and Phe 102 is responsible for regulation, rendering an inactive repressor form or a variant with strongly reduced affinity for dsDNA (9, 33) . This goes along with the finding that removal of the last 23 residues eliminates DNA binding in S. aureus BlaI and that B. licheniformis BlaI DBD alone shows a 500 -1000 times reduced affinity if compared with the full-length protein (16, 27, 29) . The scissile bond flanking residues are strongly FIG. 3 . MecI structure in complex with its operator. A, sequence and numbering of the ds oligonucleotide employed for the complex. The inverted repeat is shown with a green background, and the center of the palindrome is marked by a red ellipse. B, schematic representation of the DNA (only the bases have been displayed, one strand in white and the complementary in gray) to illustrate the overall bending of the DNA helix. Sequence is according to the numbering in A and center of the operator highlighted by a red ellipse. C, overall structure of the MecI 25-bp dsDNA complex. The repressor dimer is shown as green and yellow ribbons, each featuring a WH DBD recognizing the DNA double helix major groove and a DD to maintain dimer integrity. The regular secondary structure elements are labeled according to Fig. 1, as conserved in the MecI/BlaI family (Figs. 1 and 2C) , and scission fully affects MecI-DD, as it is located in the middle of helix ␣5 (Fig. 3C ) and reduces the interaction surface by 67%. A drastic reduction in the number of interactions, together with the two cavities leading to a certain sponginess within MecI-DD (14) , would eventually lead the dimer to fall apart, as the DBDs do not participate in dimer stabilization. This is consistent with the report that the C-terminal deletion of 14 residues in B. licheniformis BlaI abolishes repressor activity in vivo (16) . The convex conformation of the dsDNA, with its diminished protein/DNA interactions, may further contribute to this collapse or strongly reduced affinity. At the intracellular repressor concentrations, isolated DBDs probably do not bind target DNA properly, and repression is released and the structural and regulatory genes of the bla and mec divergons can be transcribed. Another putative mechanism implies that the repressor is not stoichiometrically cleaved (29, 33) . In this case, a heterodimer containing a wild-type monomer and a free DD, which should also not bind DNA effectively, could be present in the cytoplasm.
Similarity to Other Transcriptional Repressors-Sequence analyses unveil a significant similarity of members of the MecI/ BlaI family of repressors to those of the family of CopY ϳ145-residue metalloregulatory proteins (see Fig. 1 ) (34) . CopY itself is a dimeric repressor that constitutively blocks the cop operon in Enterococcus hirae when bound to zinc. When an accessory protein, CopZ, donates copper to CopY, the repressor dimer dissociates and is released from its cognate promoter, which alters copper homeostasis. This induces the synthesis of two CPx-type copper ATPases involved in regulation of copper levels (35) . Besides this, other CopY-like sequences have been identified in Gram-positive bacteria closely related to E. hirae through bioinformatic searches, including pathogenic streptococci (see Fig. 1 ). The N-terminal sequence of E. hirae CopY exhibits 27-32% sequence identity with MecI/BlaI family members, in particular in the first ϳ70 residues, which feature the WH domain in MecI. The similarity is maintained in the subsequent ϳ50 residues, featuring the DD in MecI. CopY family members are unique in an ϳ25-residue cysteine-rich C-terminal extension harboring up to four highly conserved cysteines in a consensus sequence, engaged in binding of the inducing divalent cations and also found in other metal-dependent transcriptional regulators and metallothionein (35) . However, CopY family members do not display the conserved proteolytic cleavage site Asn 101 -Phe 102 of MecI/BlaI proteins (see above). Based on our MecI structure, a similar arrangement for members of the former family is suggested, with a distinct (probably reversible) switch triggered by conformational changes upon inducer metal binding instead of the irreversible limited proteolysis mechanism of MecI. A further link between MecI/BlaI and CopY families is found in Enterococcus faecalis. This pathogen displays a region corresponding to the promoter preceding the blaZ gene (GenBank TM accession code M60253) identical to S. aureus bla and also includes the Z and R1 dyads. A detailed search for MecI orthologues in this bacterium, however, points only to a CopY-like protein (see Fig. 1 ) as a significant relative, and so we hypothesize that the operator region identical to S. aureus is recognized and that blaZ expression could be regulated by this (putative) repressor in E. faecalis.
Sequence similarity is accompanied by a topological similarity of the MecI DBD to MarR, a regulator of multiple antibiotic resistance from E. coli (PDB 1jgs (14, 36) ), and to SmtB, a trans-acting dimeric transcriptional regulator from Synechococcus that represses its own synthesis and that of metallothionein (PDB 1smt (37)). SmtB is a zinc-responsive repressor of the prokaryotic Zn21-metallothionein SmtA (34) and has a topological equivalence to MecI restricted to the WH DBD ranging from helix ␣1 to the beginning of the dimerization helix ␣4 of MecI. The DDs are unrelated. Like CopY, SmtB is also metal-tunable, its repressing activity is released upon zinc and cadmium binding (37) . This protein belongs to the ArsR/SmtB family of metalloregulatory transcriptional repressors. These proteins regulate operons dealing with heavy metal stress. Upon binding of mostly divalent cations by the homodimeric proteins, derepression occurs through strong negative allosteric regulation, thus enabling transcription of stress response genes (38) .
A similar architecture within an N-terminal winged helix domain has been described for protein MJ223, which is the Methanococcus jannaschii orthologue of an auxiliary S. aureus gene product (39) . This protein has been suggested to be a transcription factor that regulates the expression of genes contributing to antibiotic resistance, and it augments MecA function in a manner that remains to be determined. The dimerization domain is, however, unrelated to MecI, except for the fact that it is constituted by ␣-helices.
Molecular Mechanism against Antibiotic Stress-Biochemical studies performed on bla and mec divergon-encoded proteins have suggested a working model for the MecR1-MecIMecA (MRSA), BlaR1-BlaI-BlaZ (S. aureus), and BlaR-BlaIBlaP (B. licheniformis) signal transduction systems (9, 29, 31, 40 -43) . The unbound MecI structure (14) and the proteinoperator complex structure reported here fill in some blanks in this pathway but also raise some new questions.
According to the model, dimeric MecI/BlaI would constitutively repress its own transcription and that of MecR1/BlaR1/ BlaR and MecA/BlaZ/BlaP by binding to inverse repeats within the mecI-mecR1/blaI-blaR1/blaI-blaR and mecA/blaZ/blaP promoters (Fig. 4) . This binding, achieved within each palindromic site by two independent WH DBDs joined by two intertwined DDs, would occur independently and non-cooperatively. Recognition would include unspecific backbone contacts and the specific binding of the nucleotide sequence 5Ј-Gua-Thy-Ade-XaaThy-3Ј. Furthermore, the inhibitor dimer would probably be preformed and not induced by DNA binding. MecR1/BlaR1/ BlaR, which is present in a low copy number inserted in the outer membrane, is a metalloendopeptidase zymogen that would sense via its extracellular PBP domain the presence of BLAs (Fig. 4) . In contrast to the highly homologous repressors, S. aureus MecR1 and BlaR1 share merely 34% sequence identity and are not functionally interchangeable. They also have different kinetics; while BlaR1 induces BlaZ production within minutes, MecR1 takes hours to do so with MecA (32) . Upon acylation of the PBP moiety, a domain rearrangement could transmit a conformational change across the membrane and induce activation of the intracellular metalloprotease moiety. Cleavage occurs on the cytosolic side and immediately prior to the fourth (putative) transmembrane region (transmembrane region 4; suggested for B. licheniformis BlaR to start at Ser 323 (42) ) that connects the integral membrane signal emitter with the C-terminal extracellular signal-sensor/transducer (9) . This suggests that the segment putatively involved in latency maintenance could be located between position Arg 296 and Arg
315
(MecR1) or Arg 293 and Leu 311 (S. aureus BlaR1). It could block the access to the active-site cleft similarly to other metalloendopropeptidases. This limited proteolysis step is proposed to be autolytic, although it remains to be determined whether it occurs in cis or trans.
Most interestingly, there seems to be a consensus cleavage sequence for activation within the described members of the MecR1/BlaR1/BlaR family and highly similar sequences reported from Listeria monocytogenes, Clostridium acetobutyli-cum, Bacillus cereus and anthracis, Xanthomonas campestris, Caulobacter crescentus, and Thermoanaerobacter tengcongensis, which, however, do not display a PBP domain but do have a MecI/BlaI orthologue (see Fig. 2B ). This sequence is BK(R/ E)͗-͘RBXXB (amino acid one-letter code; B indicates bulky hydrophobic residues and X stands for any residue). This activation cleavage liberates the metalloprotease activity which, by migrating across the membrane, may reach the site where MecI/BlaI blocks transcription. At this point, the inhibitor is cleaved at a single bond in a second limited proteolysis event, this time an inactivating step. Accordingly, both MecR1/BlaR1/ BlaR and Mec/BlaI are turned over during signal transduction and require synthesis induction (29) . This second scissile bond, Asn 101 -Phe 102 (9, 12, 29, 33) , is in the middle of the DD, at the beginning of helix ␣4, and renders two fragments of molecular mass 11 and 3 kDa. This cleavage bond is strongly conserved in the MecI/BlaI family but also among putative orthologues (Fig.  2C ) (14) , and so a consensus cleavage sequence can be established, BOON͗-͘FO(E/K)XXXO (O indicates hydrophobic residues). Cleavage reduces the dimer interface, and so it probably falls apart, releasing repression as a result of which mecA/ blaZ/blaP may be transcribed. A similar effect may be expected when only one DD is excised within a dimer. This elicits BLA resistance, either through antibiotic cleavage or through the complementation of PBPs with the BLA-insensitive version. Also the repressor itself and the metalloproteinase are expressed; BlaI increases its intracellular concentration about 5-fold upon penicillin induction (16, 44) . Once the extracellular BLA concentration diminishes, proteolytic cleavage of MecI/ BlaI ceases, and the intracellular concentration of the intact inhibitor molecule increases, suppressing MecA, BlaZ, or BlaP synthesis (9, 15, 29, 32, 33, 40, 45) .
However, several aspects require further clarification. An important structural feature is that the scissile bond is not readily accessible to solvent in either the DNA-bound or the unbound MecI structure (see Fig. 3C and Ref. 14) . Furthermore, the (putative) cleavage consensus sequence encountered within the repressors is different from the MecR1/BlaR1 (auto)lytic cleavage site. It is difficult to conceive of a highly selective protease that recognizes two such different sequences. Moreover, S. aureus MecR1 and BlaR1 are not exchangeable in inactivating their cognate inhibitors (31), despite having highly similar recognition sequences within the (auto)catalytic and the MecI/BlaI inactivating cleavage sites. In contrast, the inhibitors can substitute for each other. The latter findings point to an intermediate, putatively another protease, which would either be activated by MecR1/BlaR1/BlaR or be a trans-activator for the latter (Fig. 4) . Alternatively, it could contribute to the local melting of MecI/BlaI helix ␣4 to make the inactivating scissile bond accessible and eventually perform the cleavage. This intermediate could be the suggested but as yet unidentified MecR2/BlaR2 molecule unlinked to the bla and mec divergons (43, 45) .
The fact that systems orthologous to MecI-MecR1/BlaIBlaR1/BlaI-BlaR are present in distinct bacteria (Fig. 2, B and  C) , which lack the PBP domain, strongly suggests that the signal transduction system responsible for triggering an antibiotic response in S. aureus and B. licheniformis has been co-opted from an ancestor with still unknown function. It was later adapted through gene fusion with a PBP orthologue in the time course of evolution. Candidate PBPs that are sequentially most closely related to MecR1/BlaR1/BlaR are ␤-lactamase ybxI from B. subtilis or class D ␤-lactamases belonging to the OXA family as found in E. coli, Salmonella typhimurium, Klebsiella pneumoniae, and other potential pathogens that are not susceptible to BLAs as a result of the action of such enzymes (46) . FIG. 4 . Working model. Proposed mechanism for the signal transduction system triggering MecA and BlaZ (or BlaP) synthesis, but also production of the sensor/transducers and repressors, based on the available biochemical and structural data. The diverging cleavage sequence motifs (Fig. 2) as well as the inaccessibility of the repressor scissile bond strongly suggest the presence of a yet unidentified intermediate, probably a protease. This could be the hypothetic BlaR2/MecR2 molecule suggested by Cohen and Sweeney (45) .
